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Origin of Fluorescence Decay Components in Chloroplasts. 

The form of the fluorescence decay function from the light 
harvesting system of photosynthetic organisms has been the 
object of intensive study over the last ten years [lJ. 
The advent of low intensity picosecond lasers coupled with 
time correlated single photon counting detection has caused 
optimism that a detailed understanding of both the structural 
organization and energy transfer pathways in the photo-
synthetic unit will be possible. Several groups have found it 
necessary to use a sum of three exponential components to fit 
the chloroplast fluorescence decay curves [2-5J. An essential 
prerequisite for a mechanistic description of the fluorescence 
decay in terms of the excitation transfer and trapping 
processes is an assignment of the various decay components in 
terms of the functional constituents of the photosynthetic 
unit. Closely related is the question of whether the true 
fluorescence decay is really a triple exponential or is 
different - for example, a more complex function that, due to 
the limitations of real data (i.e.,finite time resolution, 
dynamic range,etc.), can be statistically well fit as a triple 
exponential decay. 

We present here measurements of the fluorescence decay 
kinetics of photosynthetic mutants of C. reinhardii. We believe 
that the fluorescence decay measurements of the PSI and PSII 
mutants are the first subnanosecond kinetic measurements of 
excitation transfer in isolated PSI and PSII where genetic 
mutation and selection have been used instead of detergent or 
mechanical extraction to prepare membranes containing only one 
type of higher plant photosystem. We analyze our data in terms 
of the excitation dynamics and use the decay characteristics of 
the various mutants to synthesize the behavior of the whole 
photosynthetic unit. Applying the approach of Pearlstein [6J to 
our data we calculate the single step transfer time and the 
average number of visits an excitation makes to the reaction 
center before it is finally trapped. Our simulations of the wild 
type decays give excellent agreement with the experimental 
parameters when the relative absorption cross sections of PSI and 
PSII are assumed approximately equal. The simulations also 
reveal that single photon counting fluorescence decay data of 
wild type chloroplasts of higher plants and algae do not contain 
sufficient information for detailed a priori analysis in terms of 
the isolated parts of the photosynthetic unit. 
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Results 

rluorescence decay measurements were carried out using a mode 
locked cavity dumped dye laser and Hamamatsu R1645 microchannel 
plate detector. The instrument function has a rWHM of 130 ps and 
a full width at tenth maximum of 250 ps. rigure 1 shows typical 
fluorescence decays for C. reinhardii wild type strain 2137 
(curve a), PSII mutant strain 8-36C (curve d), PSI mutant strain 
12-7 (curve b), and a standard dye solution of oxazine in water 
(curve c). The figure illustrates the nonexponential kinetics of 
the C. reinhardii strains compared with the single exponential 
decay-of the dye solution. Both the PSII and PSI mutant strains 
have a higher quantum yield than the wild type strain, and the 
PSI mutant (lacking PSI) is missing the major short component 
present in both the wild type and PSII mutant strains. The PSII 
mutant (lacking PSII) has a higher proportion of long lifetime 
components. rull details of the decay kinetics may be found in 
ref. [7]. 
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Energy Transfer in the PSII Mutant 

The PSII mutant 8-36C decay curve observed at 680nm fits well to the 
exponential components with lifetimes 53 ps, 424 ps and 2197 ps, 
and weights 0.503, 0.191 and 0.306 respectively. No variation in 
the decay was observed as a result of pre-illuminating the sample, 
confirming the view of Butler et al. [8J that variable fluores-
cence is associated with PSII. 

The weight of the short lifetime component is higher at 730nm 
than at 680nm, suggesting that this component is associated with 
longer wavelength chlorophyll close to the PSI reaction center. 
The large magnitude of this component, however, suggests that 
excitations originating in the chI alb protein, which comprises 
71% of the total chlorophyll in this mutant, must also con-
tribute to this component. 

An estimate of the time scale of energy transfer between 
communicating chlorophyll molecules in this mutant can be 
obtained by combining our biochemical and fluorescence data. 
The expressions of Pearlstein [6J enable an estimate of both 
the transfer time between adjacent antenna molecules and of 
the number of visits an excitation makes to the reaction 
center before trapping. The important parameters [6,7J are 

467 



the excitation lifetime, the number of chlorophyll molecules 
involved, the rate of photochemical reaction at the trap, the 
ratio of trapping and de trapping rates and the ratio of -1 
trapping and antenna-antenna hopping rates. We use (3 ps) for 
photochemistry and follow Shipman [9J in assuming Boltzmann 
weighted reverse energy transfer between different spectral 
forms. An important feature of Pearlstein's expression is 
that it accounts for multiple visits to the reaction center 
without requiring any assumption about the actual number of 
visits. Combining the parameters with a lattice size of 106 
and a lifetime of 53 ps leads to a single step 
[(the coordination number)x(the Forster rate constant)J ,of 
about 0.1 ps. This is significantly shorter than the earlier 
estimates of Campillo and Shapiro [lOJ. 

The assumption of N = 106, used above, is based on the 
weight of the 53 ps component for 680 nm. In the presence of 
significant detrapping the interpretation of the weights of 
the components may be complex. Bearing this in mind 
an alternative assumption should be considered: that the 53 ps 
component originates only in closely coupled antenna 
molecules. This leads to N = 60,giving a single step transfer 
time of 0.4 ps and an average of about two visits to the 
reaction center. These values are consistent with a similar 
analysis carried out on a second PSII mutant (A-4d) containing 
significantly less chlorophyll per PSI reaction center than 
the 8-36C mutant (86 vs 220). 

Simulation of Wild Type Fluorescence Decays 

The fluorescence decay kinetics of the entire chloroplast 
should reflect the contributions of the isolated parts of the 
photosynthetic unit. In the absence of significant inter-
photosystem couplings the fluorescence decay properties should 
add to the whole when weighted by their relative absorption 
cross sections. Figure 2 summarizes the results of a simu-
lation in which we sum the decay properties of our photo-
system I and photosystem II mutants and use the lifetime of 
the PSI-PSI I mutant to represent the lifetime of decoupled 
light harvesting chI alb protein. The three decays contain 
five exponential components in all. These components are 
convoluted with a real instrument function, Gaussian noise is 
added and the resulting curve iSfitted,in the same way as our 
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Fig.2 Simulations of wild 
type decay curves using PSI, 
PSII, and PSI-PSI I mutants: 
lower curve, PSII mutant + 
decoupled alb protein; upper 
curve, PSI mutant + decoupled 
alb proten; middle curve, PSI 
+ PSII mutants + decoupled 
alb protein. Dots are decay 
with experimentally observed 
parameters. 



to three exponential componen2s. Simulations 
with 10 counts in the peak channel givej( = 1.0 -1.2 
for all ratios of contributions from the three curves. 
Evidently the information content is inadequate to reveal the 
presence of additional components. 

Figure 2 shows simulated data (smooth lines-noise is not 
shown for clarity) and real data (dots). Shown in Fig. 2 are 
simulations for PSI-PSI I mutants only, PSI I and PSI-PSII 
mutants only and a simulation weighting PSII, PSI and PSI-PSII 
mutants 0.6, 0.39, 0.0075 respectively. This latter simulation 
fits our measured curve well and in general we find that the 
wild type data is best simulated from the isolated parts when 
the ratio of excitations distributed between PSI and PSII is 
approximately equal. 

Conclusions 

Our study of the C. reinhardii mutants combined with a 
simulation of the-Wild-type fluorescence decays leads us to the 
following conclusions: (1) Fluorescence associated with the 
presence of PSI reaction centers must be included in analyses 
of wild-type chloroplast decays, (2) The true wild-type decay 
is considerably more complex than a sum of three exponential 
components, (3) In simulations which neglect interphotosystem 
couplings the best correspondence with experimental data is 
found when the ratio of excitations distributed between PSI and 
PSII is approximately equal. 

Using the formalism of Pearlstein and data for the PSI I 
mutant we estimate the single step transfer time in the array 
to be between 100 and 400 fs. We also find that the excitation 
makes between 2 and 4 visits to the reaction center before the 
photochemical event occurs. 

Internal Motions of Lysozyme 

Concerted motions of residues in proteins have been suggested 
as an important kind of internal motion which may play an 
essential role in biological activity [11,12J. We have made 
time resolved fluorescence anisotropy measurements of the 
internal motions of lysozyme using an extrinsic probe, eosin, 
which binds in the hydrophobic box region of the enzyme [13J. 
Our measurements provide evidence that the residues in this 
region undergo significant motions on the time scale of 100 ps. 
The extent of the 2motion as measured by the model independent 
order parameter S shows a different temperature depen-
dence when the inhibitor is bound to the active 
site. In both cases the order parameter has a stronger 
temperature dependence than can be explained by activation in a 
harmonic potential. the observed temperature depen-
dence and changes in S upon binding are reproduced well by 
a nonharmonic model of the effective potential which is 
consistent with the picture of concerted motions in the 
protein. The values of the parameters of the potential which 
reproduce the data with and without the bound inhibitor imply 
that (GICNAc)3 binding causes an increase in the rigidity of 
the protein. 
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The order parameter which describes th2 angular restriction 
in the motion [14,15] is given by S = r(O+)/r(O) 
where reO ) is the value of ret) extrapolated back to time zero 
from the long time (overall tumbling) behavior and 2r(0) is the 
true critical value. The experimental values of S for lysozyme-
eosin (LE) and lysozyme-eosin-(GlcNAc), (LEN,) are shown in 
Fig. 3. Our data is well accounted for by tMe potential shown 
in Fig. 4. This potential has three parameters V , the height 
of the initial step; e , the angular range over wHich free motion 
is possible; and V1 , tHe value of the potential when e = Full 
expressions may be found in [16]. From the fits in Fig. 4 we 
find V = 2.S±O.3 kcal/mole (LE), 3.6±o.2 kcal/mole (LEN 3 ); and eo = Sg±3° (LE), 6°±2° (LEN 3 )· 

We interpret the potential we used (Fig. 4) as follows. The 
probe molecule can move unhindered over the range 0 to 9 . 
Further motion requires accumulation of energy in collec£ive 
modes of the protein corresponding to a concerted motion. After 
accumulation of V in the collective mode the reaction coordinate 
can again becomeer and probe motion becomes relatively 
unrestricted with an approximately harmonic restoring force. The 
projection of this multidimensional reaction coordinate onto one 
dimension, i.e. 8, gives the analytic form of the potential [16]. 
The decrease of e and increase of V give a quantitative feel 
for the of the hydrophobicobox region of the enzyme on 
inhibitor binding. 

G(X,9) 
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Fig.4 Schematic illustration of the 
nonharmonic potential used to inter-
pret the data. The vertical axis is 
the free energy, G. The angle of the 
transition dipole with respect to a 
protein-fixed axis is given bye. 
X represents additional modes of the 
protein into which energy must be 
channeled before movement to angles 
grea ter than eo can occur. 
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